Because of its small size, high reliability, efficiency, and its output torque characteristics, brushless DC motor (BLDCM) 
Introduction
Brushless DC motor (BLDCM) is one type of permanent magnet synchronous motor, which is wildly used in many fields. It has good speed regulation characteristics, such as high efficiency, long life, low noise, high speed range, good output characteristics and other advantages [1] . The applications of brushless DC (BLDC) motors and drives have grown significantly due to their high power density and easy control method in recent years in the appliance industry and the automotive industry [2] .
However, it has the disadvantage of torque ripple, and this will reduce the reliability of power transmission system. What mentioned above restricts the applications in the higher accuracy system. The main cause of the drawback is the existence of inductor. Because of the inductor, the current cannot change immediately at the time of commutation. So that it causes the commutation torque ripple. The procedure has been investigated completely in [3] - [4] . What's more, the existence of induced emf and switching method which, in certain conditions cause the forward bias of diodes connected to inactivephase and lead to current flow in inactive phase and makes torque ripple [5] . Due to the influence of the torque ripple, the hot topic of the present study of BLDM is commutation torque ripple suppression, and the way to suppress the torque ripple is the improvement of PWM mode. Different modulations of PWM used in BLDCM will generate different torque ripple. There are four types of PWM modulation proposed including Hpwm-Lon, Hon-Lpwm, pwm-on and on-pwm. All four modulations can drive the motor successfully, but the problem is which one can generate the lowest torque ripple.
By the calculation, this paper will analyze the influences of four types of PWM mode on the torque ripple during commutation clearly. Four types of result will be compared to find the lowest one. To prove the analysis result, the BLDCM simulation model with different PWM modes will be built in matlab/simulink. Four types of PWM modulation can be applied to the model, simulation result can present the conclusion intuitively and can provide reference for further study of brushless DC motor.
Components And Principles of BLDM Control System
As shown in the Figure 1 , BLDCM control system consists of five components, such as DC power, logic control, power drive, rotor position detection system and motor. In this control system, power drive unit is a three-phase inverter, it contains six IGBTs. Further more, logic control unit and rotor position detection system are the most important units. The logic control unit will supply the power to each phase winding, and the rotor position detection system contains three hall sensors which can provide the information of rotor position and speed. They can control the order and time of each phase conduction of motor stator, then the average voltage of each phase windings can be controlled. Therefore the system can drive and control the brushless DC motor [6] .
The Mathematical Model of BLDCM
Assuming that the magnetic circuit is unsaturated, eddy current and hysteresis losses are not considered. Three-phase voltage equation across the motor windings is as follows: Because of three-phase windings are completely symmetrical and the permanent magnet magnetic permeability approximates air, moreover, it is a star wound type. It can can be assumed that three-phase winding inductance and mutual inductance are constant, furthermore, they have nothing to do with the rotor position. Then equations can be obtained as follows:
Considering above three-phase voltage equation is Where m  is motor mechanical speed in (7).
Analysis of torque ripple
There are two main causes of torque ripple,the first is the existence of alveolus, and the second is commutation torque ripple.This paper will focus on the latter.
4.1.Commutation Principle of BLDCM
The equivalent circuit of BLDCM is shown in Figure 2 . There are six IGBTs in the equivalent model namely T1, T3, T5, T4, T6 and T2. They make up three-phase inverter circuit [7] . Figure 2 . the Equivalent Circuit of BLDCM IGBT will be triggered according to the order that is calculated by the information of rotor position detection system. Only two of three phases are active at any time. The main principle is to let the corresponding phase on when the magnetic field is strongest.
Based on electromagnetic induction principle, the back emf of each phase is:
Where r is the distance between the stator and the rotor center; l is the length of the magnet steel; D Z is the number of the effective conductors about stator single-phase; B is magnetic induction intensity;  is the electrical angular speed of rotor.
Considering (8) , as the back emf of single-phase winding is in proportion to magnetic field intensity, the back emf in conduction time of the single-phase winding is maximal when the speed is constant. At the same time, the electromagnetic torque is also maximal. According to the analysis, the rule of commutation can be drawn like 
Cause of commutation torque ripple
In an ideal situation, back EMF waveform is trapezoidal, the width of its flat-top is 120 electrical angle. At the same time, the phase current waveform is rectangular whose width is also 120 electrial angle. Once the state is not like that, it will generate the torque ripple [8] .
In a real-world situation, the existence of inductors make the current cannot change immediately, hence the the back EMF waveform or current waceform is not like that in an ideal situation.So that it is the cause of the commutation torque ripple.
The variation of current and torque during the process of commutation is shown in Figure 4 in detail. In [9] - [11] , the variation of current corresponding to different conditions was discussed in detail. 
Influences of PWM Modes on The Torque Ripple
As is known to all, there are six kinds of state on IGBTs of three-phase inverter. They are T1T6, T1T2, T3T4, T3T2, T5T4 and T5T6. The IGBT which is on will be given PWM signal, hence the average voltage of stator winding can be controlled by changing the PWM duty ratio. PWM modulations are divided into two categories, such as Hpwm-Lpwm mode which belong to double-chop PWM control modulation, Hpwm-Lon mode、Hon-Lpwm mode、pwm-on mode and on-pwm mode that belong to single-chop PWM control modulation. Due to the loss of doublechop PWM control mode on IGBT is twice as much as that of single-chop PWM control, the influence of the PWM modes belong to single-chop PWM control modulation on commutation torque ripple was analyzed in this paper. These four PWM modes are shown in Figure 5 [12] . 
Analysis of The Commutating Process of Upper Bridge-arms
Considering the circuit in Figure 2 , the commutation process from T1T2 state to T3T2 state will be analyzed, that is to say T1 commutate to T3. In the process of commutation, parasitic diode V4 is in a state of stream.
(1) Hpwm-Lon and pwm-on modulation According to Figure 5 , the states during the commutation under Hpwm-Lon and pwm-on modulation are same. In the process of commutation, parasitic diode V4 is in a state of stream, T3 is given PWM signal and T2 keeps on. Thus these two kinds of PWM modulation go into the same category to be analyzed.
Assuming 
According to the analysis, it can be known that
At the same time, the resistance of winding can be ignored when the frequency of PWM signal is high. Considering (11), approximate value of three-phase current is:
Combined with (12) and (7),the electromechanical torque of BLDCM during commutation can be derived:
The electromechanical torque of BLDCM before commutation is: Compared (13) with (14), the value of the torque ripple can be obtained as：
(2) Hon-Lpwm and on-pwm modulation It is same as the previous section. According to figure 5 , the states during the commutation under Hpwm-Lon and pwm-on modulation are same. In the process of commutation, parasitic diode V4 is in a state of stream, T2 is given PWM signal and T3 keeps on. Thus these two kinds of PWM modulation go into the same category to be analyzed.
Considering figure 1 , like that in previous section the voltage of three phase can be obtained as
. D is also the duty radio of PWM signal. Like the analytic procedure adopted above, the electromagnetic torque during the commutation process is:
Compared (15) 
Hence the result of analysis is:
Obviously, the commutation torque ripple of Hpwm-Lon and pwm-on modulation is lower than that of Hon-Lpwm and on-pwm modulation during the commutating process of upper bridge-arms.
Analysis of the Commutating Process of Lower Bridge-arms
Considering the circuit in figure 2 , the commutation from T1T6 state to T1T2 state, that is to say T6 commutate to T2 will be analyzed. In the process of commutation, parasitic diode V3 is in a state of stream, Like the analytic procedure adopted above, the torque ripple during the commutation process can also be calculated as follow: (1) Hpwm-Lon and on-pwm modulation
(2) Hon-Lpwm and pwm-on modulation:
Compared (18) with (19), the torque ripple is as follows：
Then the result of analysis is:
Thus, during the commutating process of lower bridge-arms, the commutation torque ripple of Hon-Lpwm and pwm-on modulation is lower than that of Hpwm-Lon and on-pwm modulation. So far, conclusion is that the commutation torque ripple with pwm-on mode during commutation is the lowest among all four modes.
MATLAB/SIMULINK Simulation Model
MATLAB program is designed for computer simulation [13] . It was used to build a simulation model of BLDCM according to the principle adopted above. The model of BLDCM In this simulation model , the pwm unit contained two components such as the HALL unit and the pwm control. The function of HALL unit was to receive the information of the rotor position.With the information, the timing of comutation could be achieved. Following that was pwm control unit.In this unit PWM modulation could be changed to observe the variety about the torque waveform. 
7.Simulation Result
The simulation result of the BLDCM model is shown in Figure 7 . It is the speed waveform. As shown obviously, the motor went into steady state after 0.2 second and speed arrived at the given value. Because of the fluctuation of load torque, the speed fluctuated at 0.5 second. Then the speed returned to the stable state after less than 0.2 second. So far, it gave a conclusion that the simulation model of BLDCM is a steady control system. Figure 7 , it is obviously to see that the waveform corresponding to pwm-on modulation is the most steady (without burr )among all modes. As the analysis above, the commutation torque ripple with pwm-on mode during commutation is the lowest among all modes. Thus the pwm-on modulation is the best selection in BLDCM control system.
Conclusion
This paper described the basic components of the BLDCM control system, it consisted of DC power, logic control, power drive, rotor position detection system and motor. Then the mathematical model of BLDCM and the rule of commutation were analyzed, on that basis the conclusion was obtained that the existence of winding inductance was the cause of commutation torque. Specific reason was that the current cannot change immediately during commutation. Thus it make the torque waveform fluctuate. Furthermore, according to the analysis the way to suppress ripple torque was the improvement of PWM mode.
Based on the analysis above, the commutation torque ripple corresponding to HpwmLon modulation, Hon-Lpwm modulation, pwm-on modulation and on-pwm modulation were calculated. After computation it was known that the commutation torque ripple with pwm-on mode during commutation was the lowest among all four modes.
At last, a simulation model was established in MATLAB/SIMULINK. The result told us that the torque ripple was lowest if pwm-on modulation was used in the control system. It could verify the conclusion drawn previously is right. Compared with other paper, the simulation model which was used to vertify the result is very simple and pratical, it will help us understand the content better.Other paper only presented the theoretical analysis, but this article let us see the existence of torrque ripples clearly. Meanwhile the difference of the results were shown intuitively.
